Introduction
SIAH/sina proteins are members of an evolutionarily highly conserved family of E3 ubiquitin ligases. The members of this family contain a N-terminal RING domain responsible for E3 activity, followed by two zinc-finger domains and by a C-terminal region involved in protein-protein interactions. SIAH/sina proteins interact with several proteins and participate in the regulation of some of them through ubiquitination and proteasome-dependent degradation. We previously showed that SIAH-1 is expressed during apoptosis and tumor suppression in p53-dependent and -independent cellular models, and during the physiological apoptosis occurring in the intestinal epithelium (Nemani et al., 1996) . Expression of SIAH-1 was also induced following transfection of p21
WafÀ1/CipÀ1 , a cyclin-dependent kinase inhibitor, along with spatial nuclear reorganization and tumor suppression (Linares-Cruz et al., 1998) . Stable transfection with SIAH-1 of the epithelial breast cancer cell line MCF-7 blocked its growth by altering the mitotic process and induced p21
WafÀ1/CipÀ1 expression (Bruzzoni-Giovanelli et al., 1999) . We identified three mitotic proteins a-tubulin, EF-a and the kinesin protein Kid as SIAH-1 interacting proteins. We showed that SIAH-1 induced ubiquitination and degradation of Kid (Germani et al., 2000) , a protein necessary for chromosome movement during mitosis and meiosis (Antonio et al., 2000; Funabiki and Murray, 2000) .
Among other SIAH/sina regulated proteins, transcriptional regulators have been identified such as the Drosophila repressor Tramtrack (Ttk88) (Li et al., 1997; Tang et al., 1997) , the nuclear receptor corepressor (NcoR) which mediates repression by interacting with the histone deacetylases (HDAC) (Zhang et al., 1998) and the coactivator BOB.1/OBF.1 (Boehm et al., 2001; Tiedt et al., 2001) . SIAH-1 also interacts with a complex including step1, Ebi, Sip (SIAH interacting protein) and APC (adenomatosis polyposis colonic protein) which degrades the b-catenin (Liu et al., 2001; Matsuzawa and Reed, 2001) .
CtIP (CtBP-interacting protein) is a poorly known protein which has been linked to a deacetylaseindependent pathway of gene repression (Schaeper et al., 1998; Yu et al., 1998) . CtIP binds to two tumor suppressor and transcriptional repressor gene products, RB/p130 and BRCA1 (Wong et al., 1998) . RB/p130 is a key regulator of the G1/S transition of the cell cycle being involved in HDAC-dependent and -independent mechanisms of repression. CtIP inactivates BRCA1, a familial breast and ovarian cancer suppressor gene, which plays a critical role in several cellular processes including cell growth control, transcriptional regulation and maintenance of genomic stability (Li et al., 1999; Meloni et al., 1999) . BRCA1 directly interacts with proteins of the DNA repair machinery and is linked to a number of genes involved in transcription and chromatin structure regulation, including c-Myc, the RNA polymerase II holoenzyme complex, the HDAC and BARD1. All these and other data suggest that BRCA1 functions as a regulator of transcription initiation and in the processing of nascent RNA transcripts. It also regulates the expression of both p21
WafÀ1/CipÀ1 and GADD45 genes. Significantly, mutations in the BCRT domain of BRCA1, found in breast cancer patients, prevent interactions with CtIP, suggesting an important role for CtIP in BRCA1's tumor-suppressor function Li et al., 1999; Meloni et al., 1999) . CtIP has also been involved in BRCA1 DNA repair function (Li et al., 2000) . Upon genotoxic stress such as g-irradiation, CtIP becomes phosphorylated by the ATM (ataxia telangiectasia mutated) kinase. This phosphorylation prevents CtIP-BRCA1 interaction and allows BRCA1 to activate genes involved in DNA repair such as p21
WafÀ1 and GADD45. Recently, it was showed that CtIP interacts with Ikaros, a protein that plays a key role in hemolymphoid development and homeostasis, and represses transcription through the recruitment of HDAC (Koipally and Georgopoulos, 2002) . Ikaros also interacts with Rb, which itself can repress gene function in a deacetylaseindependent manner. It was also showed that CtIP and CtBP interacted with the general transcription factors, TATA binding protein and transcription factor IIB, suggesting a possible mechanism for their deacetylase -independent mode of repression (Koipally and Georgopoulos, 2002) .
Using the two-hybrid approach we identified in the present work the protein CtIP as an SIAH-1-interacting protein. We showed that SIAH-1 overepression resulted in CtIP increased degradation by the ubiquitin-proteasome pathway. Full-length SIAH-1 (amino acids (aa) 1-282) was able to induce CtIP degradation but not SIAH-1DN (aa 76-282). Using GFP fusion proteins and immunohistochemistry, we confirmed CtIP degradation and showed that the DN deletion induced important changes in SIAH-1 protein localization in vivo.
Results

Identification of CtIP as a SIAH interacting protein
In order to understand SIAH-1 functions, we aimed at identifying proteins that specifically interact with it. SIAH-1 full-length cDNA was used as a bait vector and a total of approximately 1.4 Â 10 6 clones of a Jurkat-T cells cDNA library cloned in pGAD1318 were analysed. The nucleotide sequences of two specific clones, from two independent fusions corresponded to residues 628-897 (A72) and 586-897 (A125) of the C-terminal portion of CtIP (Figure 1a ). When retransferred into the parental yeast strain L40 containing Lex-SIAH-1, they allowed growth on selective medium and also efficiently stimulated the expression of a LacZ reporter in an SIAH-1-dependent manner (Figure 1b) . No transactivation was seen when the different CtIP clones were coexpressed with unrelated fusion plasmids or pLex-lamin) (data not shown).
The human SIAH-1 is highly homologous to SIAH-2 (77% overall aa sequence identity) and the two sequences predominantly differ in their N-terminal region. As expected, CtIP also interacted with SIAH-2 in the yeast two-hybrid assay. In order to identify on 
Specific interaction between SIAH-1 and CtIP
To further confirm the interaction between SIAH-1 and CtIP, glutathione-S-transferase (GST) pull-down experiments were performed with recombinant proteins. GST fusion proteins containing either SIAH-1 or SIAH-2 were used to precipitate exogenously expressed CtIP from HEK293 cell lysates. As shown in Figure 2 and consistent with the results obtained in the yeast twohybrid analysis, both GST-SIAH-1 and GST-SIAH-2, but not GST alone, were able to specifically interact with CtIP ( Figure 2a ). To verify that this interaction also occurred in vivo, HEK293 cells were transiently transfected with myc-SIAH-1 alone or in combination with HA-CtIP. As shown in Figure 2b , immunoprecipitation with anti-myc antibody allowed the detection of immunocomplexes containing transfected HA-CtIP protein and inversely, immunoprecipitation with anti-HA antibody allowed the detection of immunocomplexes containing transfected myc-SIAH-1 protein. Moreover, we detected the presence of endogenous CtIP in the complexes precipitated with the myc-SIAH-1 protein (Figure 2b ).
SIAH-1 regulates CtIP stability and the RING finger domain of SIAH-1 is required for CtIP degradation and for specific protein localization Since SIAH proteins have been implicated in ubiquitinmediated degradation of several interacting protein partners, the effect of SIAH-1 on CtIP stability was analysed ( Figure 3a) . CtIP protein levels from total lysates of HEK293 cells transiently transfected with a control plasmid, with SIAH-1 complete cDNA or with SIAH-1 deleted of its N terminal sequence (SIAH-1 DN) were compared. A marked reduction in CtIP protein levels was observed in SIAH-1 but not in SIAH-1 DN transfected cells. In addition, the hypothesis that SIAH-1 was targeting CtIP for proteolytic degradation by the ubiquitin-proteasome pathway was supported by the observation that the proteasome inhibitor clasto-Lactacystin B-Lactone abolished the ability of SIAH-1 to (Figure 3a) . These results were coherent with our previous results and confirmed that the RING domain is necessary for the E3 ligase function of SIAH-1. In order to better understand the biological role of the RING domain, we tested the effect of its deletion on SIAH-1 intracellular protein localization. We cloned SIAH-1 and SIAH-1DN fused with fluorescent proteins (EGFPs). When individual cells were examined, we observed that N-terminal deletion induced deep changes in protein localization in vivo. When GFP-SIAH-1 was transfected in MCF-7 or HEK293 cells lines we observed a punctuated pattern of labelling, mainly cytoplasmic. When GFP-SIAH-1DN was transfected, the fluorescent protein was homogeneously distributed into the cells similarly to the control GFP alone (Figure 3b) , suggesting that the loss of the E3-ligase function is tightly linked to the loss of specific localization. Using antibodies to detect endogenous CtIP in We also showed that SIAH-1DN, which remained able to interact with CtIP but did not induce its degradation, induced p21
WafÀ1 expression similarly to SIAH-1 in Jurkat-T cells (Figure 4b ).
Discussion
The degradation of transcriptional regulators seems to be a conserved function of the sina/SIAHs family. In Drosophila eye embryo, sina targets the transcriptional repressor Tramtrack for degradation, allowing R7 photoreceptor cell differentiation (Li et al., 1997; Tang et al., 1997) . In human cells, SIAH-1 interacts with the carboxyl terminus of APC and promotes degradation of b-catenin by a pathway independent of GSK3b-mediated phosphorylation that does not require the F-box protein b-TrCP, affecting the activity of b-catenin-dependent Tcf/LEF transcription factors (Cyclin D1, Myc, etc.) (Liu et al., 2001; Matsuzawa and Reed, 2001) . SIAH-1 also targets for degradation the coactivator BOB.1/OBF.1 critical for B-cell differentiation (Boehm et al., 2001; Tiedt et al., 2001 ). In the same way, the regulated proteolysis of nuclear receptor corepressor NCoR by SIAH-2 is an alternative way for controlling transcriptional repression events (Zhang et al., 1998) .
We previously found the interaction of SIAH-1 with Kid, a DNA and microtubule binding motor protein, and we showed the role of SIAH-1 in its ubiquitination and degradation when overexpressed (Germani et al., 2000) . Now, using a yeast two-hybrid screening we identified CtIP as a SIAH-1-interacting protein. This interaction was confirmed in vitro using GST-fusion proteins, and in vivo, by immunoprecipitation. The sequence involved in the interaction with CtIP corresponds to aa 97-117 of SIAH-1, and include the first of two zinc-fingers present in its sequence (Polekhina et al., 2002; Matsuzawa et al., 2003) . This sequence is within the region involved in SIAH-1-Kid interaction (Germani et al., 2000) .
Since SIAHs proteins have been implicated in ubiquitin-mediated degradation of several interacting partners, we have analysed the effect of SIAH-1 overexpression on CtIP stability. When overexpressed, SIAH-1 regulated CtIP stability, inducing its degradation by the ubiquitin-proteasome pathway. An increased degradation of CtIP was not observed in SIAH-1DN transfected cells. These results are consistent with our previous results and confirmed that the RING domain of SIAH-1 is necessary for the E3 ligase function of SIAH-1. Moreover, using these GFP fusion proteins we confirmed the capacity of SIAH-1, but not of SIAH-1DN, to induce CtIP degradation at the individual cell level (Figure 3b ). Full-length GFP-SIAH-1 showed a punctuated pattern of intracellular distribution, which has been associated with early endosomes in PC12 cells (Wheeler et al., 2002) . DN deletion induced dramatic changes in SIAH-1 intracellular distribution in vivo, showing that this region is essential for normal localization and the sharp relationship between the structure, the subcellular compartmentalization and the biological function of SIAH-1.
The role of CtIP remains largely unknown. CtIP is a CtBP, Rb1, BRCA1 and Ikaros-interacting protein (Schaeper et al., 1998; Wong et al., 1998; Yu et al., 1998; Meloni et al., 1999; Koipally and Georgopoulos, 2002) . Based on these interactions with such repressors, a role 1DN (20 mg) . Evaluation for luciferase and b-Gal activity was performed as described in (a) SIAH-1 mediates CtIP degradation A Germani et al in the repression of RNA transcription has been proposed for CtIP. In particular, based on CtIP capacity to bind to CtBP and the BRCT repeats of BRCA1, it was proposed that this complex plays an important role in the regulation of p21
WafÀ1 expression Li et al., 1999) . Moreover, it was proposed that phosphorylation by ATM is responsible for CtIP/ BRCA1-complex dissociation allowing BRCA1-induced transcription of p21
WafÀ1 and GADD45 after g-irradiation (Li et al., 2000) . These findings have been contested by other authors (Wu-Baer and Baer, 2001) , who showed that phosphorylated forms of CtIP and BRCA1 remained associated in vivo, suggesting that complex dissociation and p21
WafÀ1 transcription should be regulated through alternative pathways. Nevertheless, it is very likely that CtIP plays an important role in the regulation of tumor suppresor functions of BRCA1, Rb and other regulators.
Since we showed that CtIP interaction with SIAH proteins induced CtIP degradation, we wanted to test if this degradation had a functional role on the transcriptional regulation of p21
WafÀ1 . Transient transfection of SIAH-1 cDNA performed in Jurkat-T cells revealed an increased transcription from the p21
WafÀ1 promoter in a dose-dependent manner. This result suggested that CtIP degradation could play a role similar to CtIP/BRCA1-complex dissociation in p21
WafÀ1 transcription. We tested if CtIP transfection was able to inhibit p21 WafÀ1 -promoter induction by SIAH-1. Surprisingly, under our experimental conditions, p21
WafÀ1 promoter induction was not modified by over-repression of CtIP alone nor by the concomitant expression of CtIP with CtBP or of CtIP with BRCA1 (data not shown). Moreover, SIAH-1DN that remains able to interact with CtIP, but not to induce its degradation, induced transcription from the p21 WafÀ1 promoter in a similar extent as did wild-type SIAH-1. This result suggests that the SIAH-1 domain implicated in p21
WafÀ1 activation is distinct from the E3 ligase domain and that CtIP degradation and p21
WafÀ1
-promoter induction are not linked. It is possible that SIAH-1 or SIAH-1DN interaction with CtIP could be sufficient to destabilize complexes involved in transcriptional repression without the need for CtIP degradation. Additionally, degradation of CtIP by SIAH-1 could involve preferentially free CtIP and not the CtIP fraction associated with BRCA1. In favor of this hypothesis, although total CtIP decreased in SIAH-1-transfected cells, the amount of immunoprecipitated CtIP with an anti-BRCA1 antibody was very similar in transfected and nontransfected cells (data not shown). SIAH-1 overexpression in HEK293 also induced CtIP degradation. However, in these cells we could not detect any effects on p21
WafÀ1 expression even when measured by real-time quantitative RT-PCR (data non shown). Altogether, our results suggest that CtIP degradation by SIAH-1 has not a direct effect on p21
WafÀ1 expression, even if we cannot exclude that the relationship between CtIP and p21 WafÀ1 expression may be more complex than suggested earlier (Li et al., 2000) .
Further studies, on other SIAH-1-interacting proteins involved in transcription and on CtIP itself, are necessary to clarify the role of SIAH-1 in p21 WafÀ1 expression and to determine if CtIP degradation plays any role in its regulation.
Materials and methods
Plasmids and reagents
For construction of pLex-SIAH-1, the KpnI fragment (bp 33-849) of SIAH-1 cDNA was subcloned in frame with the LexA DNA-binding domain in pVJL10 . Myctagged and pGEX SIAH-1 were generated by subcloning the full-length cDNA of SIAH-1 into EcoRI sites of the pCAN-M2 or pGEX-4T2 respectively. The pLex-SIAH-2 and pGEX-SIAH-2 were previously described . pLex-Da, pLex-Dc and pLex-De encoding fragments of SIAH-2 were generated by PCR amplification of full-length SIAH-2 cDNA with appropriate primers ( þ 39 to þ 477; þ 477 to þ 972; þ 417 to þ 972). The Da and Dc fragments were cloned into BamHI-XhoI sites of pLexA vector. The De fragment was cloned into EcoRI-XhoI sites of the same vector.
EGFP-SIAH-1 was generated by subcloning SIAH-1 fulllength cDNA into EcoRI sites of EGFP C3. Constructs encoding N-terminal truncated forms of SIAH-1 (pcDNA3-Myc-SIAH-1DN and EGFP-SIAH-1DN) were generated by cloning the PCR-amplified SIAH-1-fragment using appropriate oligonucleotides (aa 76-282).
HA-CTIP (bp 426-2691) was kindly provided by Dr C Fusco.
Yeast two-hybrid system
The yeast two-hybrid screening was performed with pVJL10-SIAH-1 as a bait and a cDNA library from Jurkat-T cells fused to the GAL4 activation domain in pGAD1318 as previously described .
Cell culture, transfection and antibodies
Human kidney 293 (HEK293) and Jurkat-T cells were cultured in Dulbecco's modified Eagle's medium (DMEM-Gibco) and RPMI medium, respectively, supplemented with 10% fetal calf serum (FCS), 2 mm l-glutamine and penicillin-streptomycin. Jurkat-T cells were transfected by electroporation (at 260 V and 960 mF) in 0.5 ml of RPMI 1640 supplemented with 20% FCS in a Gene Pulser cuvette (BioRad). Transfection of HEK293 cell line was performed using the FuGene-6 transfection reagent (Roche Molecular Biochemicals) as recommended by the supplier. Increased transfection efficiency was observed when cells were incubated 8 h with DNA þ FuGene6 þ Optimem (Sigma) before adding FCS. Proteasome inhibitor clasto-Lactacystin B-Lactone (Calbiochem) was used to a 20 mm final concentration during 3 h.
Polyclonal antibody against a N-terminal peptide (first 25 aa) of SIAH-1 was generated in the chicken and affinity purified (AGRO-BIO, France). Mabs against myc epitope and a-tubulin were purchased from the American Type Culture Collection (9E10-CRL 1725) and Amersham (USA), respectively. Monoclonal anti-CtIP antibody was kindly provided by Dr Baer (Columbia University, New York, USA).
In vitro binding and immunoprecipitation experiments
GST fusion proteins were induced and purified as previously described (Bruzzoni-Giovanelli et al., 1999) . Lysates from HEK293 cells performed in NP40 buffer (10 mm Tris-HCl pH 7.4, 150 mm NaCl, 10% glycerol, 1% NP40, 1 mm DTT, 1%
SIAH-1 mediates CtIP degradation
A Germani et al aprotinin, 1 mm phenylmethylsulfonyl fluoride (PMSF), 1 mg/ ml pepstatin and 1 mg/ml leupeptin) were incubated for 2 h with the fusion proteins bound to glutathione-coupled agarose beads (Pharmacia). The beads were washed five times in NP40 lysis buffer, resuspended in Laemmli's buffer and resolved in 10% SDS-PAGE. After electrotransfer, nitrocellulose membranes were probed with primary Ab (diluted 1 : 1000) followed by horseradish peroxidase-coupled secondary Ab and then revealed by a cheminoluminescence-based detection system (ECL, Amersham). For coimmunoprecipitation experiments, HEK293 cells were lysed in NP40 buffer 48 h after transfection and lysates were incubated at 41C with anti-myc tag mAb (9E10) for 4 h followed by protein G sepharose (Pharmacia) for 1 h. The immunoprecipitates were analysed as described above.
Immunofluorescence studies
Transfected cells were grown on glass slide chambers as monolayers (LabteckII, Nunc) . At 48 h after transfection, the slides were washed with PBS and fixed in 2% paraformaldehyde (PFA) for 10 min at room temperature. Endogenous peroxidases were neutralized by 10 min incubation in 3% hydrogen peroxide in PBS. Nonspecific protein binding was blocked by incubation in 3% BSA, 0.1 % saponin in PBS for 2 h. Slides were then incubated overnight with primary antibody diluted in 0.3% BSA, 0.1 % saponin in PBS. After six washes, staining was revealed using peroxidase-conjugated secondary antibody for 3 h and tyramide-tetramethylrhodamine (DuPont/NEN, USA) was then applied as amplification substrate. Immunofluorescence analysis was performed using a Zeiss epifluorescence microscope equipped with a cooled threecharged coupled device (3CCD) camera (Lhesa, France), triple band pass filter and a 40 Â 1.3 NA lens.
Luciferase assays
Jurkat-T cells were transiently cotransfected with a p21
WafÀ1 promoter-luciferase reporter plasmid (pWWW-Luc, El-Deiry, 5 mg), a pCMV-b galactosidase vector (pCMV-bGal, 1 mg), different amounts of pCAN-SIAH-1 and a pCAN empty vector (to maintain a total of 40 mg DNA for each transfection, Figure 4a ); or with 5 mg of the reporter plasmid (pWWW-Luc, El-Deiry) together with 1 mg of pCMV-b-galactosidase (pCMV-b-gal) and pCAN-SIAH-1 or pCAN-SIAH-1DN (Figure 4b) . After 48 h, cells were harvested and lysed in 100 ml of 1Â luciferase lysis buffer (Promega). Luciferase activity was determined in triplicate and expressed as arbitrary units (AU). Transfection efficiency was normalized by correcting luciferase activity for the levels of constitutively expressed b-gal plasmid.
